Abstract -Calibration of the output device used for the reproduction of digital colour images -a color CRT in most cases -can either be achieved through conventional techniques involving mathematical modeling of the CRT, or through a novel neural-network-based scheme, introduced in this work. A Java-based system for CRT remote calibration is also presented, which allows the user to get rid of the computational burden necessary to train the neural network, or to estimate the parameters of the CRT model by relying on a set of measurements of the colours displayed by the CRT. Measurements can be avoided as well, by storing calibration data relative to a wide variety of CRTs and by using them to calibrate monitors with similar characteristics.
INTRODUCTION
An ever increasing number of applications call for high quality seproduction of digital colour images. Among them, remote access to digital pictures archives play an outstanding role in the field of emerging remote multimedia applications. In this context we assume that the original scene was correctly digitized, i.e. pixel values correspond to true scene colours expressed in a standard, Device Independent (DVI), coordinate system (e.g. the CIE-RGB or CIE-XYZ systems [I, 21) .
The most widely used reproduction devices for multimedia applications are color Cathode Ray Tube (CRT) monitors. The behaviour of a CRT can be modeled as a multidimensional mapping from CRT control values to colours specified in a DVI space. When DVI colours must be reproduced on a CRT an inverse mapping transformation is needed to obtain the desired colorimetric output. The term calibration is often used to denote the entire procedure of characterizing a device and determining the inverse transformation.
Usually a mathematical model is employed to describe the behaviour of the CRT, in such a case, calibration is readily achieved by determining the model parameters fsom a few measurements [l] . In many practical cases, though, the behaviour of the display is far from ideal and the mathematical model 0-7803-561 0-1/99/$10.00 0 I999does not fit CRT's characteristics accurately enough. In such cases, a different approach is necessary to provide calibration. In this work we propose a new calibration procedure based on neural networks. A problem with neuralnetwork-calibration is that network training may require a large amount of processing resources that may not be available at the remote user site. To get around the problem, we propose a remote CRT calibration service, where a specialized centre carries out the colour calibration procedure based on few data provided by the remote user, i.e. some measurements of the characteristics of the remote colour output device. The use of standard calibration functions can be envisaged to deal with situations in which remote users are not able of carrying out the necessary measurements on their output device.
CRT remote calibration should work across heterogeneous network environments, such as a corporate Intranet, or the global Internet. Javaprograms, being robust, secure, easy to use, and automatically downloadable from the Internet [3] , are an excellent basis for this kind of applications.
CRT CALIBRATION
Reproduction of a light stimulus described by a triplet of coordinates in a DVI color space on a CRT screen involves two main steps: first, DVI co- To illustrate the calibration process, suppose we want to reproduce a color on a CRT monitor. Let us assume that pixel values are expressed in a DVI color system, e.g. the CIE-XYZ system. If the CRT transfer function (2) is known,and the linear transformation between the CIE-XYZ and the monitor phosphors systems is given, an inverse mapping function can be obtained, which for each desired output color expressed in the XYZ system gives the corresponding control values at the input of the CRT.
The model parameters are calculated by applying the MSE criterion to a set of reference colors: the CRT is fed with a set of known control values and the corresponding XYZ output color coordinates are measured.
The calibration procedure described above strictly relies on the mathematical characterisation of the CRT given in (2) . If this model does not strictly fit the actual CRT behaviour, the effectiveness of model-based calibration is severely compromised and alternative calibration schemes must be used.
The approach we propose to overcome the problems due to the non-ideality of the CRT consists in approximating the relation between CRT control values and the colors reproduced on the screen through a neural network. We exploit here the well known capacity of neural networks to approximate any transfer function, which makes them a valid alternative to the use of precise models in cases where the system to be modeled is too complex to be described by means of mathematical formulz. As for the estimation of the parameters of the mathematical model, a set of reference colors is used to train the network.
In the attempt to find a reasonable trade-off between calibration accuracy and computational complexity (mainly residing in the training phase), extensive testing has been performed to set the architecture of the neural network. A first simplification of the architecture, leading to considerable computation saving, consists in the use of three independent networks, one for each color channel, instead of a multiple output network. We have found experimentally that such a simplification does not preclude the accuracy of calibration, hut at the same time it is much less computing demanding than a multiple-input multiple-output configuration. With regard to the architecture of each singular network, we used a strategy similar to that adopted by Schettini et al. [6] for color scanner calibration. As a consequence, we found that a good compromise between accuracy and complexity is achieved by using a feed-forward, completely connected, 3-9-1 network trained by means of back-propagation.
Experiments have been carried out to validate the calibration procedures described so far. The experiments regarded the calibration of a Sony Trinitron Display CPD-200GST controlled by a Pentium PC equipped with a Matrox Graphics MGA-G200 graphic board. Experiments relative to both modelbased and neural-based calibration have been performed by considering a set of 73 test colors randomly spread over the whole color space. This set of colors have been split into two parts: the first subset consists of 63 colors (training set) and it has been used to tune the parameters of the mathematical model and to train the neural network, whereas the second subset with the remaining 10 colors (test set) has been used to evaluate the effectiveness of calibration. The XYZ coordinates of the light emitted by the CRT have been measured by using an Optic Multichannel Analyzer (OMA) produced by EG&G -Princeton Applied Research.
To evaluate the impact of calibration errors on the visual color appearance of reproduced colors, the CIE-Lab difference [2] between the target colors and those obtained by using the estimated control values has been measured. The average CIE-Lab difference was aELab = 3.87 for the MSE approach, a value which indicates a good quality reproduction. In ~ the neural network case, the experimented average CIE-Lab difference was AEJA = 1.54, thus witnessing the superiority of the new approach to calibration.
REMOTE CRT CALIBRATION
The CRT calibration procedure described so far requires a great computational effort, particularly in the case of the neural network approach. It may thus he desirable to concentrate the computational burden at a remote specialised centre which carries out colour calibration basing on few data provided by the remote user, i.e. the measurements of the characteristics of the remote colour output device necessary to train the calibration neural netowrk or to estimate the mathematical model parameters. Alternatevely, some general information about the monitor (the kind of monitor, its age ...) may be sent t o the calibration centre, which then uses them to pick up from a proper database the calibration parameters that best fit the remote monitor.
A network application has been developed which allows a user connected to the internet to access a CRT calibration service offered by a Web server.
The remote CRT calibration service has been developed through a three tiers client/server architectural model. This approach offers many advantages with respect to traditional two tiers client/server model, thanks to the middle tier and to the separation between user interface management and data storage. By means of separation, data storage alteration has no impact on the code that managing data visualisation and, at the same time, many independent representations of the same data are allowed.
All application layers have been developed by using the Java language, which allows the use of the same executable code over different operating environments, be they home personal computers or departmental servers.
Moreover Java offers other significant features:
Scalability, thanks to built-in multithreading support; Security, thanks to virtual machine sandbox model;
Code migration, an Applet feature, which allows to use a program without previously installing it.
Three tiers remote CRT calibration procedure is sketched in figure 1 . A distributed components approach has been adopted for middleware imple- The presentation tier consists of a Java Applet which contains some Java components (JavaBeans) that attend to user interaction and information collection. Presentation tier components communicate with middle tier components thanks to ORB Voyager services.
The middle tier constitutes the core of the application and consists of:
Components that manage new calibration profiles generation, using data collected by user interface, and that apply them to users images Components that store and retrieve calibration profiles to and from central database.
The first kind of components communicate with a mathematical engine (Matlab in this case), thanks to lower level components written in C++ language, that expose their interfaces through JNI (Java Native Interface). On the contrary, the second kind of components communicate with the DBMS (DataBase Management System) server through standard Java API JDBC (Java DataBase Connectivity). Mathematical components check and prepare data that will be passed to the mathematical engine which, in turn, processes the data according to the calibration procedure described previously.
Database access components manage all calibration profiles storing operations, like profiles insertion or deleting. Moreover, they attend to profile searching procedure, which allows to retrieve previously calculated profile according to simple searching criteria, like manufactor, model, CRT type, colour temperature, etc. Upon request of calibration, the server analyzes the information provided by the user and picks up from the archive the model which best fits the CRT to he calibrated. This functionality is envisaged to deal with situations in which remote users are not able of carrying out the necessary measurements on their output device.
